Pseudomonas aeruginosa PAO1 is repelled by trichloroethylene (TCE), and the methyl-accepting chemotaxis proteins PctA, PctB, and PctC serve as the major chemoreceptors for negative chemotaxis to TCE. In this study, we found that the pctABC triple mutant of P. aeruginosa PAO1 was attracted by TCE. Chemotaxis assays of a set of mutants containing deletions in 26 potential mcp genes revealed that mcpA (PA0180) is the chemoreceptor for positive chemotaxis to TCE. McpA also detects tetrachloroethylene and dichloroethylene isomers as attractants.
Chloroethylenes, such as trichloroethylene (TCE), are the most frequently detected groundwater contaminants (14) . Widespread environmental contamination by chloroethylenes is of concern due to their toxicity and carcinogenicity. Although several bacteria are known to cometabolically degrade TCE, until now organisms capable of growing on TCE as the sole source of carbon and energy have not been found. Some bacteria, however, are attracted by TCE. For example, Parales et al. (10) and Varder et al. (18) demonstrated that the TCEdegrading bacteria Pseudomonas putida F1, Burkholderia cepacia G4, and Pseudomonas stutzeri OX1 are attracted by TCE. These TCE-degrading bacteria have been intensively studied as bioremediation agents in chloroethylene-polluted environments. The migration of TCE-degrading bacteria toward TCE might speed up the biodegradation process because it should bring the cells into contact with TCE (11) . Despite these findings, very little is known about the chemosensory protein mediating positive chemotaxis to TCE. In this study, we report attractive responses to TCE by a mutant strain of Pseudomonas aeruginosa PAO1 and identification of a methyl-accepting chemotaxis protein (MCP) for positive chemotaxis to TCE.
In a previous study, we found that P. aeruginosa PAO1 (5) is repelled by TCE (15) . Genetic analysis revealed that the MCPs PctA, PctB, and PctC, which were identified as MCPs for amino acids (7, 17) , serve as the major chemoreceptors for the negative chemotaxis to TCE (16) . In the previous study, we used the computer-assisted capillary method for chemotaxis assay (9). Parales et al. (10) and Varder et al. (18) found chemotactic responses toward TCE by TCE-degrading bacteria by the agarose plug method. Therefore, we first reexamined the wild-type PAO1 and the pctABC triple mutant PCT2 (17) for chemotactic responses to TCE by the agarose plug method. Agarose plug assays were carried out as previously described (20) with modifications. Molten 3% (wt/vol) agarose (Agarose S; Nippon Gene Inc., Toyama, Japan) in chemotaxis buffer (10 mM HEPES, pH 7.0) was kept at 60°C. The agarose was mixed with the same volume of chemotaxis buffer containing a known concentration of a test compound. Immediately after being mixed, 12 l of the mixture was placed on a microscope slide, and a coverslip supported by two staples (0.5 mm in diameter) was placed on top to form a chamber. Cells were harvested in the early stationary phase and resuspended in chemotaxis buffer to a turbidity at 600 nm of approximately 1, and 120 l of cell suspension was pipetted between the microscope slide and the coverslip. Consistent with results from the computerassisted capillary method, PAO1 cells were repelled by TCE and formed clear zones around agarose plugs containing 4 mM TCE (Fig. 1A) . The pctABC mutant PCT2 formed smaller clear zones than the wild-type PAO1. We then tested these strains for chemotactic responses to a lower concentration (1 mM) of TCE. As expected, PAO1 formed smaller clear zones around agarose plugs containing 1 mM TCE. Unexpectedly, however, PCT2 cells were attracted by agarose plugs containing 1 mM TCE and formed dense zones around the plugs. The attractive responses to TCE by PCT2 were reproducible. These results suggest that P. aeruginosa PAO1 has the ability to both negatively and positively respond to TCE. The negative responses are strong compared to the positive responses; thus, the positive responses were detected only after disruption of the pctABC genes encoding the major MCPs for negative chemotaxis to TCE.
P. aeruginosa PAO1 possesses 26 potential mcp genes in its genome (2, 19) . We previously constructed a series of mutants that have deletion-insertion mutations in individual mcp-like genes in the PAO1 genome (6, 17, 19) . To identify the MCP mediating positive chemotaxis to TCE, we tested each mutant by the agarose plug method. We noticed that the mcpA (gene identification number PA0180 in the P. aeruginosa genome sequencing project [http://www.pseudomonas.com/]) mutant PAO-dF formed slightly larger and clearer repellent zones around the agarose plugs than did the wild-type PAO1 (Fig.  1B) . This result suggests that McpA is an MCP for positive TCE chemotaxis. To investigate whether McpA functions as an MCP for TCE, the mcpA gene was cloned into the broad-hostrange vector pUCP18 (13) and the resulting plasmid, pHEK01, was introduced into PCT2. Because PCT2 exhibits decreased negative chemotaxis to TCE, it was expected that PCT2 harboring pHEK01 would show stronger positive chemotaxis to TCE. In fact, as expected, PCT2(pHEK01) cells were attracted by even 4 mM TCE (Fig. 1B) . To further confirm the result, we investigated whether the P. aeruginosa mcpA gene can confer upon P. putida F1 the ability to positively respond to TCE (4). Parales et al. reported that positive chemotactic responses to TCE by P. putida F1 are induced by toluene and that P. putida F1 cells grown in the absence of toluene fail to respond to TCE (10) . We confirmed that P. putida F1 did not positively respond to 1 mM TCE when it was grown in the minimal medium in the absence of toluene (Fig. 2) . Because this strain is resistant to carbenicillin, we exchanged the carbenicillin resistance marker in plasmid pHEK01 with a kanamycin resistance marker to construct plasmid pHEK02 and then introduced it into P. putida F1. The resulting P. putida F1 (pHEK02) strain was attracted by 1 mM TCE even when grown in the absence of toluene (Fig. 2) . These results confirm that McpA is the MCP for positive chemotaxis to TCE. To our knowledge, this is the first report of a chemosensory protein for positive chemotaxis to TCE.
We then investigated the specificity of McpA. Since P. putida F1 cells grown in the absence of toluene did not respond to chloroethylenes, including tetrachloroethylene (PCE), 1,1-dichloroethylene (1,1-DCE), 1,2-cis-dichloroethylene (1,2-cis-DCE), and 1,2-trans-dichloroethylene (1,2-trans-DCE), we examined P. putida F1(pHEK02) for responses to these compounds to investigate the specificity of McpA. P. putida F1(pHEK02) cells grown in the absence of toluene accumulated around agarose plugs containing these chloroethylenes but not around the control agarose plug (Fig. 2) . Thus, it was demonstrated that McpA functions as an MCP for positive chemotaxis to TCE, PCE, and DCE isomers. (19) were used for these assays.
FIG. 2. Chemotactic responses of P. putida F1 and P. putida F1 harboring pHEK02 (carrying mcpA) to chloroethylenes in agarose plug assays. Agarose plugs contained 1 mM TCE, 0.1 mM PCE, 2 mM 1,1-DCE, 2 mM 1,2-trans-DCE, or 2 mM 1,2-cis-DCE. P. putida cells grown at 28°C in T 2 minimal medium were used for these assays. 
